

















18. What a strange drowsiness possesses them! 
It is the quality o’ th’ climate.
The Tempest by William Shakespeare
4.1 Introduction
In this chapter, we focus on key concepts that health professionals need to under-
stand in order to use climate data and information effectively. We explain the dis-
tinction between climate and weather and introduce some basic principles on the 
physics of the climate. We then go on to describe the character and behaviour of 
three key variables, namely temperature, precipitation and humidity. Descriptions 
of a range of other relevant important climate variables follow. Included is a section 
on storms that describes how temperature, wind and rainfall interact to create dev-
astating extreme events. The final section discusses how data for different variables 
can be aggregated in time and space, and identifies challenges that emerge in the 
process. 
4.2 What is climate?
‘Climate is what you expect, but weather is what you get’ is one of those well-worn 
quotes that is almost invariably misattributed. The credit should go to Andrew Her-
bertson, who was Oxford’s first Professor of Geography. This adage is cleverly suc-
cinct, but, as a definition, it does not specify what ‘climate’ and ‘weather’ actually 
are. There may be little problem in understanding weather as how we experience 
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BOX 4.1 WEATHER, CLIMATE AND CLIMES
There is an important difference between weather and climate:
• Weather is the state of the atmosphere as it is experienced at any mo-
ment; for example, at the time of writing in New York City on Thursday 
9 March 2017, it is 14 °C and sunny. (An atmosphere is the layer of gases 
that surround a planet – on Earth it is the layer of air). 
• Climate is the total experience of the weather over a period of time and 
in a specific location. The climate may be summarized as an average of 
the weather conditions; for example, last month (i.e., February 2017) the 
average temperature was 5 °C and there were 63 mm of rain and snow 
combined. However, a more comprehensive climate summary involves 
information about the variability and extremes of weather; for example, 
in New York last month the temperature ranged between –7 °C and 
21 °C, there were snowfalls of between 20 and 200 mm, and the most 
rain on any day was 30 mm.
Scientists who study the weather will typically consider only the atmosphere, 
but the climate cannot be understood or predicted properly without studying 
how the atmosphere interacts with the oceans and the land-surface, including 
ice and snow cover.
The word ‘climate’ comes from the Greek word for ‘incline’, describing 
the curvature or slope of Earth’s surface between the equator and the poles. 
In the 14th century ‘climate’ meant the area between two lines of latitude, 
and by about 1600, the word became associated with the weather in such 
zones. Latitudinal zones remain an important idea in climate (§ 5.2.2), and it is 
worth clarifying what these zones are because they are referred to extensively 
throughout this book (see Figure 4.1).
FIGURE 4.1 Latitudinal zones
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often understood as the average weather, which is too simple an interpretation. 
Is it possible to provide a tighter definition of climate? Unfortunately, even the 
American Meteorological Society’s definition – ‘the slowly varying aspects of the 
atmosphere-land-hydrosphere-system’ – is technically problematic: ‘slowly varying’ 
seems to preclude weather extremes, while the ‘atmosphere-land-hydrosphere- 
system’ sounds horribly jargony.
Precise definition is essential for proper understanding, but an imprecise definition 
can sometimes suffice. For example, nobody knew exactly what caused cholera before 
the mid-19th century, but doctors knew enough long before then to quarantine the 
victims. In that spirit, a definition of climate adequate for the purposes of this book, 
but likely inadequate for the technical purist, is: ‘the total experience of the weather at 
any place over some specific period of time’1 (see Box 4.1), with ‘some specific period 
of time’ being understood to be at least a few years (see further discussion in § 4.3).
Even in the absence of a technical and easy-to-understand definition of cli-
mate, it is simple enough to list its important characteristics that may directly affect 
human health. These characteristics are discussed in the following sub-sections.
• The tropics, sometimes called the torrid zone, lie between the equator 
and 23.4° latitude. Within the tropics, the sun is directly overhead at least 
once per year. A little over one-third of Earth’s land area lies within the 
tropics. Most of the tropics are warm and moist all year; most areas have 
a distinct wet and dry season.
• The extratropics lie poleward of 23.4° latitude, and are subdivided into:
• The temperate zone lies between 23.4° and 66.6° latitude. It has 
much more distinct winter and summer seasons than do the tropics. 
The extratropics is further subdivided into:
• The subtropics, which are between 23.4° and 35° latitude. These 
areas usually have a warm or hot summer and a mild winter. 
Rainfall is seasonal: in some areas, the wet season is in the win-
ter, in others it is in the summer. The winter rainfall areas are 
confusingly called Mediterranean – these Mediterranean cli-
mates occur in other parts of the world, such as California, and 
the south-western parts of Chile, South Africa and Australia. The 
summer rainfall areas are called humid subtropical.
• The mid-latitudes, which lie between 35° and 66.6° latitude. 
Here the winters and summers are strongly affected by prox-
imity to the sea (§  5.2.3), and so the climates are described 
either as maritime (where the seasons are milder) or continental 
(where the seasons are more extreme).
• The polar regions, which lie poleward of 66.6° latitude (some defini-
tions use 60° latitude). Here the winter is exceptionally cold. Poleward 
of 66.6° latitude the sun is below the horizon (i.e., it is night-time) for a 
continuous period of 24 hours at least once in a year (and is above the 
horizon – it is day-time – for a 24-hour period at least once).
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4.2.1 Temperature
Temperature is one of the most important of all climate variables for health because 
of its direct impact on the human body as well as many indirect impacts, such as its 
effects on disease transmission (see §§ 2.3 and §§ 3.4). 
Temperature is much simpler to define than climate: the air temperature is how 
hot or cold the air is. What may be less obvious is that the air is not heated directly 
by the sun. Instead, with only a few minor exceptions, such as the ozone layer, the 
sun heats Earth’s surface, and it is the surface that heats the overlying air. As a result, 
the atmosphere is heated predominantly from the bottom rather than from the top 
(while the reverse is true of the oceans). Our weather and climate would be incon-
ceivably different if the opposite were the case, and climatologists would not be as 
interested as they are in Earth’s surface (§§ 5.2.3 and 5.2.4). As an example, consider 
how land-use can have such a noticeable effect on temperature: the air tempera-
ture in parks is much lower than in open-air car parks in the summer because for 
many reasons vegetation does not heat up anywhere near as much as concrete and 
tarmac. A practical implication is that great care must be taken to measure surface 
air- temperature so that it is consistent with international standards: it should be 
measured at 2 m above the ground and from inside a shaded box (called a  Stevenson 
screen) so that there is little chance that Earth’s surface or the sun are directly heat-
ing the thermometer.
Air temperatures are commonly reported as a maximum, a minimum and/or a 
mean over a 24-hour period. The maximum temperature generally represents the 
day-time temperature and the minimum the night-time temperature, but it is possi-
ble for the day to be colder than the night, most often in the extratropics in winter 
(see Box 4.1 and § 5.3.1). The mean temperature is the temperature averaged over 
the whole day, which is not necessarily equivalent to the average of the maximum 
and the minimum temperature.
Temperatures are recorded most commonly as degrees centigrade (°C), or 
degrees Fahrenheit (°F). Fahrenheit is defined in relation to the properties of water, 
just as centigrade is, but with different reference values. Centigrade is defined to 
have a value of 0 (32 for Fahrenheit) at the freezing point of pure water at sea-
level, and of 100 (212 for Fahrenheit) at its boiling point. Sea water freezes at about 
–2 °C, and water’s boiling point decreases by about 1 °C every 300 m, so scien-
tists have to be precise about such definitions. Celsius is based on a more accurate 
measurement of water’s properties than is centigrade, and so, strictly, the two scales 
are very slightly different. Celsius is preferred in science, but it is common to treat 
Celsius and centigrade as synonyms. To convert temperatures in degrees Celsius to 
Fahrenheit, multiply Celsius by 1.8 (or 9/5) and add 32 (or, for a simpler approx-
imation, multiply Celsius by 2 and add 30). For both Celsius and Fahrenheit the 
zeroes are arbitrary and so it does not make sense to calculate ratios: 5 °C is not half 
as cold as 10 °C.
Many scientists prefer to work in Kelvin, a scale that does have an absolute 
zero (but not a degree sign). If air could be cooled to 0 K (about –273  °C), it 
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BOX 4.2 MEASURING HOT AND COLD
Most people have an approximate sense of how hot or cold a given temper-
ature is, but it can be helpful to have a more precise indication of what the 
temperature might mean in terms of its impacts (using degree days), or in 
terms of how hot or cold the temperature feels in the context of the current 
weather conditions (apparent temperatures).
Degree days
In building design and energy planning cooling degree days indicate the 
amount by which air must be cooled to reach a comfortable level for human 
habitation. The ‘comfortable’ level is location specific: in the USA, it is set to 
65 °F (about 18 °C); in the UK, it is 22 °C, while in Hong Kong it is 26 °C. There 
are various ways of calculating the cooling degree days, the simplest of which 
is to count the number of degrees above that threshold. For example, if the 
air temperature is 25 °C, it needs to be cooled by 3 degrees (in the UK). If the 
temperature is 20 °C no cooling is required and so the cooling degree days 
are zero (cooling degree days cannot be negative). Whereas standard tem-
perature measurements are averaged over periods longer than a day, cooling 
degree days are accumulated. For example, if the 25 °C day is followed by one 
of 27 °C, the cooling degree days are:
(25 – 22) °C + (27 – 22) °C = 8 °C.
If temperatures drop below the threshold, the air may need to be heated to 
reach a comfortable level. Heating degree days can be calculated in the oppo-
site way to cooling degree days. The same 65 °F threshold is used for both the 
heating and the cooling indices in the USA, but in the UK a heating threshold 
of 15.5 °C is used, and Hong Kong uses 18 °C.
In biology, an equivalent concept to cooling degree days is used to de-
fine growing degree days (GDD), for which it is assumed that, within limits, 
the growth of organisms to reach a certain development stage increases with 
warmer temperatures, but that there is no growth if temperature is below 
a threshold. Unique to each species the GDD has been extensively used in 
agrometeorology to predict plant and pest development, but also in medical 
entomology including forensic entomology as fly infestation of a corpse may 
provide information on the time of death. 
The GDD concept also applies to the development stages of disease vec-
tors (eggs, larvae, pupae, adult) as well as the parasites they carry (e.g., for 
malaria: gametocyte, ookinete, oocysts and sporozoites). Pathogens (parasitic, 
viral and bacterial) inside the human or vector host are at the temperature 
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of their immediate environment (~ 37  °C in humans). However, as insects 
and tick vectors do not regulate their temperature the internal temperature 
(where pathogens develop) approximates that of the vectors’ immediate 
external environment. Changes in environmental temperature may dramat-
ically affect the development rate of both the vector and the pathogen(s) it 
contains. 
Apparent temperatures
Apparent temperatures measure how hot or cold the air feels: a hot day feels 
even hotter if it is muggy, and a cold day even colder if it is windy. Heat indices 
and wind chill factors are examples of apparent temperatures that account for 
these different perceptions.
Various heat indices have been devised to combine temperature and rela-
tive humidity, the details of which vary from country to country. These indices 
are often used as heat wave metrics, and are designed to give an indication of 
the apparent temperature. Even the simplest and most commonly used heat 
indices have complicated formulae, but all involve exponential increases in 
apparent temperature as the humidity rises (i.e., the apparent temperature 
increases more quickly the closer the relative humidity approaches 100%), 
and the rates of increase are faster the higher the temperature. However, few 
heat indices account for exposure to the sun or for how windy it is, and they 
make simple assumptions about clothing and body-type. Therefore, such in-
dices should only be used as approximations. For many practical purposes, a 
heat index may underestimate the apparent temperature, and possibly quite 
substantially.
A breeze can have a cooling effect, which is why fans can be effective even 
in the absence of air conditioning. The cooling effect occurs partly because 
wind increases the evaporation rate so that sweating can cool us down more 
effectively, and because the air that is warmed by our body is quickly replaced 
by colder air. However, if the air temperature is above body temperature, the 
apparent temperature will increase because the air is now cooled rather than 
warmed by our colder body and that cooled air will be quickly replaced by 
hotter air. Appropriate clothing in very hot weather can reduce that effect. 
Dark loose clothes are worn by the Touregs of the Sahel and the Bedouins of 
North Africa and the Middle East in very hot and dry environments. While the 
black cloth absorbs heat from the sun more readily than white cloth, the loose 
dark clothes encourage convection, releasing warm air as it rises away from 
the body and bringing in cooler air to replace it. 
While only a few of the more sophisticated heat indices account for the 
effects of wind in warm and hot weather, cold indices do factor in the chilling 
effect of wind. Wind has a chilling effect regardless of whether the air is hot 
or cold: it rapidly evaporates any moisture on our skin (which is why it is so 
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important to stay dry in the cold), and quickly replaces the air immediately 
in contact with our body. Wind chill factors are often calculated for winter 
temperatures to account for such effects. The air temperature is measured, 
and then a complicated formula is applied to subtract a wind chill depending 
on the wind speed. The wind chill temperature is always less than the actual 
temperature unless the air is calm, in which case the two temperatures 
are equal.
would contain no heat energy at all. The Kelvin scale is not used widely for public 
communication. Instead, common use is made of various temperature indices that 
attempt to indicate our subjective sense of how hot or cold the air is, taking into 
account the humidity (§ 4.2.3) and/or wind chill (§ 4.2.4) and possibly other con-
current weather conditions (Box 4.2).
Temperature has an important effect on air that is critical in producing our 
weather. Hot air expands and becomes less dense, and will be forced to rise by 
the surrounding cooler and denser air. It is because of this buoyancy of hot air 
that we warm our hands above a heater, and do our baking on the top shelf of the 
oven where the temperature is highest. In contrast, cold air contracts and is dense, 
which is why cold air seeps into a room at the bottom of the door. This effect of 
temperature on the buoyancy of air is critically important in the formation of rain-
fall (§ 4.2.2) and wind (§ 4.2.4) and in the development of many types of storm 
(§ 4.2.8).
There is an important distinction between temperature and heat. To melt ice 
you must apply heat to increase its temperature to about 0 °C, but then you must 
continue to apply heat to convert the ice into water without actually increasing the 
temperature. The amount of energy required for the melting is considerable, which 
is why ice cubes act to cool drinks so effectively. Heat in the beverage turns the 
solid ice into liquid water – the temperature of the drink cools down to melt the 
ice, but although the ice is melting, it does not get any warmer. It takes the same 
amount of energy just to convert ice at 0 °C to liquid water at 0 °C as it does to 
heat water from 0 °C to about 80 °C. For this reason, if you mix ice at 0 °C with 
the equivalent amount of water at boiling point, the temperature of the melted mix 
will be only about 10 °C rather than 50 °C because most of the heat of the boiling 
water is used for the melting.
This same effect occurs when boiling water, but even more heat is required to 
convert water to vapour (as distinct from steam, which is small drops of liquid water, 
exactly like a cloud; water vapour is an invisible gas) than it is to convert ice to 
water. To convert water at 100 °C to vapour at 100 °C takes more than five times 
the energy that is needed to heat water from 0 °C to 100 °C. The heat that results in 
a temperature change is called sensible heat because it can be felt; heat that converts 
solid (ice) to liquid (water) or liquid to gas (water vapour) is called latent heat. When 
water vapour condenses, or when water freezes, the latent heat is released and can 
result in sensible heating of the air. Because water vapour contains so much latent 
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heat, vapour in the air is exceptionally important in climate (§ 4.2.3), in addition to 
its properties as a greenhouse gas (§ 5.4.2.3).
4.2.2 Precipitation
Rain, snow, hail and sleet (a mix of rain and snow) are the main forms in which 
water falls to Earth’s surface as either liquid or solid. Collectively, these forms are 
called ‘precipitation’. In most parts of the world, rain is the most dominant form, 
and so in this book ‘rainfall’ is used to refer to all forms of precipitation unless 
the context makes clear otherwise. Water, largely obtained from rainfall, is vital 
to every living organism; it provides the water that plants and animals, including 
humans, need to thrive. In addition, there are some immediate and obvious haz-
ards posed by the physical properties of falling hail, and of rain and snow on the 
ground.
For rainfall to occur, water vapour in the air must somehow condense to form 
clouds, and then the droplets must coalesce to form ice or water drops heavy 
enough to fall to Earth’s surface. The condensation of the water vapour requires the 
air to cool, and cooling can occur for different reasons. The most important cooling 
process is for air to rise (see further discussion in §§ 4.2.3 and 5.2.1). Different types 
of rainfall occur depending on how air rises:
1. Convective rainfall occurs because air is heated (e.g., by passing over a warm sur-
face such as the equatorial ocean) and therefore becomes more buoyant than 
surrounding areas (or the same air cools less quickly than its surroundings)
2. Large-scale rainfall occurs when warmer air meets colder air: the warmer air 
rises above the colder air, or the colder air undercuts the warmer, because of 
differences in buoyancy
3. Orographic rainfall occurs when air is blown and forced over a physical obstacle 
such as a mountain
These different types of rainfall vary in their relative importance in space and time 
(see § 5.2 and 5.3). Although more than one of these cooling processes can occur 
at the same time, and although there are many exceptions, the different types of 
rainfall can often be distinguished by how they are experienced. Convective rainfall 
is typically intense, localized and short-lived, and is often associated with thun-
derstorms. Large-scale rainfall is often light, widespread and may last many hours 
or even a few days. Orographic rainfall is less easily characterized, but is often an 
enhancement of convective and/or large-scale rainfall; it is experienced when you 
ascend a mountain and it starts raining, or becomes damp because you have entered 
the clouds. With few exceptions, those clouds have likely formed because of the 
orographic effect.
Daily precipitation is measured as an accumulation in millimetres over a 24-hour 
period (the starting time of day varies by location). Meteorologists measure 
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precipitation as the depth of water (snow and hail are first melted to get an equiv-
alent amount of rainfall) that has fallen to the surface. However, for public com-
munication, snow is usually measured by its depth on the ground, and is generally 
between two and 20 times as deep as the equivalent in rainfall. The most common 
method of measuring precipitation is to capture it in a specially designed bucket, 
known as a rain gauge. Even with the most well-designed rain gauges, it is very 
difficult to measure precipitation accurately, primarily because the gauges disrupt 
small-scale wind patterns in their immediate vicinity, so that less falls into the gauge 
than onto the ground nearby. Gauges typically underestimate the precipitation that 
does fall; for snow, this underestimation may be as much as 35% or more.2
Many climate models measure precipitation as gridbox-averaged values in con-
trast to the point-specific measurements of rain gauges, and therefore typically use 
units of metres per second (or, equivalently, as kilograms per square metre per 
second). This convention is strictly in accordance with SI units, but it does yield 
ridiculously small numbers: 25 mm of rain is a reasonably wet day for many places, 
but converts to 2.9 × 10-7 m.sec-1.
4.2.3 Humidity
Humidity is a measure of the amount of water vapour in the air. If humidity is high, 
evaporation slows and our body’s ability to regulate its own temperature is compro-
mised. If humidity is low, evaporation accelerates and creatures that thrive in moist 
environments, like mosquitoes and other disease-carrying insects or ticks (vectors), 
may not be able to survive (Case Study 4.1). However, humidity is only a major 
concern to humans in hot conditions, partly because of the biological effects of 
humidity in high temperatures. Sweating becomes ineffective in muggy air, but the 
air only feels muggy when temperatures are high. Therefore, how we experience 
humidity depends on temperature, and even the simplest indices of how hot the air 
feels involve complex adjustments for humidity (Box 4.2). 
Relative humidity is the most commonly reported measure of humidity in pub-
lic weather information because it gives a good indication of the likelihood of 
rain or fog. It measures the amount of water vapour in the air as a fraction of the 
amount in ‘saturated’ air of the same temperature. Air is saturated when humidity is 
increased to a point beyond which the water vapour condenses more quickly than 
it can evaporate. The amount of water vapour required to saturate air increases by 
about 7% for every 1 °C warming in air temperature, which means that humidity 
works like compound interest: the maximum humidity increases faster and faster 
the hotter the air gets. As a result, at high temperatures small changes in temperature 
can have a dramatic effect on humidity even if the amount of moisture in the air 
stays the same. This sensitivity of humidity at high temperatures has many impor-
tant climate implications (§ 5.2.1), but it also means that there is a need to recognize 
that some measures of humidity may indicate changes in temperature rather than 
changes in the amount of moisture in the atmosphere.
68 Simon J. Mason
CASE STUDY 4.1 DISPERSAL OF PATHOGENS AND INSECT 
VECTORS – THE IMPORTANCE OF HUMIDITY AND WIND
Madeleine C. Thomson, IRI, Columbia University, New York, USA
Pathogenic micro-organisms such as viruses, bacteria and fungal spores may 
disperse over varying distances by air currents; ultimately coming into contact 
with individuals and causing disease. Short distance dispersal via tiny droplets 
suspended in the air (e.g., from coughing) occurs when the size of the path-
ogenic particle at origin is large (> 5μm) and particle desiccation is low (i.e., 
in a humid environment). In these circumstances, the weight of the droplet 
means that it readily falls to the ground and transmission is only possible when 
susceptible individuals are physically close to the source of infection.
In contrast, airborne transmission occurs over considerable distances when 
pathogenic particles are comparatively small (< 5μm) and thus can remain sus-
pended in air for long periods (e.g., more than a week). Desiccation of large air-
borne droplets may rapidly reduce larger particles to below this threshold and 
ensure that these droplets are also aerosolized. Figure 4.2 illustrates the rela-
tionship of concentrations of bacteria in the air and relative humidities in towns 
and villages in Mali.3 The winter flu season in temperate regions of the world is 
driven, in part, by the low absolute humidities that occur during this period.4
Air-borne dispersal of insect vectors is a significant component of their 
biology and is highly dependent on wind direction, speed and turbulence.5 
Dispersal may be passive through downwind movement of the flies that then 
encounter new habitats, or upwind in response to chemicals such as CO2 that 
may signal the presence of a potential human or other animal host. 
FIGURE 4.2 Concentration of airborne bacteria in relation to humidity in Mali
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FIGURE 4.3  Hourly temperature (T; thin grey line), dew-point temperature  
(Td; dashed line) and relative humidity (RH; thick black line) in Tucson, 
AZ, for 4 and 5 February 2018. The times of sunrise, high noon and 
sunset are shown by the symbols and thin vertical lines. The correlation 
between the temperature and the relative humidity is –0.97.
Long distant air-borne dispersal of insects can be very important in 
vector-borne disease control programmes as they can create problems of 
recolonization of areas where vector populations have been eliminated. Dis-
persal may happen over long distances when insects are caught up in local air 
turbulence, and then transferred to the upper atmosphere. Because air turbu-
lence is usually greatest during the day, blackflies and day-flying mosquitoes 
(such as Aedes spp.) are more likely to be swept into the upper air and travel 
hundreds of miles than mosquito species that are active at night (such as the 
malaria carrying Anopheles spp). 
Only some measures of humidity are sensitive to temperature; those that are sen-
sitive can be affected significantly by the time of day the measurement is taken. For 
example, Figure 4.3 indicates how relative humidity varies inversely with the air tem-
perature while the dew-point temperature (which is a better measure of how much 
moisture there is in the air; see Box 4.3) remains fairly constant. The relative humidity 
drops as the temperature rises simply because at higher temperatures saturated air 
contains more moisture. Care therefore needs to be taken to use a humidity measure 
that is appropriate for analyses of health effects. In fact, some measures of humidity, 
including relative humidity, may even be highly misleading in analyses of health 
impacts unless their co-variability with temperature is accounted for adequately.
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BOX 4.3 WHICH IS THE MOST USEFUL HUMIDITY  
METRIC?
The effects of humidity depend not only on how much water vapour is in the 
air, but also on the temperature of the air. For example, the air does not feel 
muggy when it is cold, regardless of the humidity. When analysing the health 
effects of humidity it is therefore important to use a metric that accounts for air 
temperature adequately. In dynamical disease models, the compounding effects 
of temperature should be accounted for; in which case the pitfalls mentioned 
below can be ignored. However, in empirical (statistical) models, using an in-
appropriate metric can lead to highly misleading results. Common choices are: 
• Absolute humidity: the mass of water vapour (in grams) per cubic metre of 
air. Sometimes the mass is expressed as a component of the total air pres-
sure (§ 4.2.7.1); this component is called the vapour pressure. Because air 
expands as its temperature increases, a cubic metre contains more air if it 
is cold than if it is hot; for a fixed absolute humidity the amount of water 
vapour is the same. Absolute humidity is likely to be unsuitable for most 
analyses of health effects.
• Specific humidity: the mass of water vapour for a given mass of the air 
rather than a given volume, thus correcting for the problem with absolute 
humidity. Evaporation rate is directly related to the specific humidity.
• Relative humidity: the total amount of water vapour as a fraction of the 
amount in ‘saturated’ air of the same temperature. The amount of water 
vapour in saturated air increases exponentially with temperature, and so 
the relative humidity can show a decrease as the day heats up, and an 
increase again during the night (Figure 4.3). The time of day at which the 
relative humidity is taken must therefore be noted carefully; a daytime 
value may be too dependent on the temperatures, and daily average rel-
ative humidity may be quite meaningless. Relative humidity is likely to be 
a misleading variable in analyses of health effects.
Although relative humidity can be misleading because of its sensitivity to tem-
perature, it does have the merit of comparing the humidity with the humid-
ity of saturated air. Instead of subsuming this difference in a ratio, it can be 
expressed as a difference (or saturation deficit) in absolute or specific humidity 
or vapour pressure.
There are also indirect ways of measuring humidity that may be useful in 
analyses of health effects:
• Dew-point temperature: the temperature at which air would become satu-
rated if it were cooled. The dew-point temperature indicates at what tem-
perature fog or precipitation would start to form if the air cooled down.
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• Wet-bulb temperature: the temperature to which the air would cool by 
evaporating the additional moisture needed to reach saturation point. 
That may sound rather complicated, but the idea is similar to the dew-
point temperature. One virtue of the wet-bulb temperature is that it is 
relatively easy to measure, and is widely measured and consequently 
commonly used in studies of heat stress. The other humidity measures are 
often calculated from the wet-bulb temperature (along with the regular 
temperature and air pressure).
4.2.4 Wind
Wind is the flow of air, measured in terms of its direction and speed. Watch a leaf 
blow in the wind, and it is immediately obvious that wind speed and direction are 
highly variable over very short distances and times. To minimize the effects of these 
vagaries, the standard is to measure wind speed and direction 10 m above ground, 
where winds are steadier, and averaged over a two-minute period.
The direction of the wind is the direction from which it comes – a northerly 
wind is a wind coming from the north, blowing towards the south. Similarly, a sea-
breeze is one that blows from the sea onto the land. To help in remembering that 
convention, think of the wind as a traveller – a German tourist is a tourist from 
Germany not a foreign tourist going to Germany. (Ocean currents, on the other 
hand, are more like pilgrims, being named for the direction in which they are 
going; so a northward – as distinct from a northerly – current is one flowing towards 
the north.) Of course, air can also move up or down, and meteorologists have a 
variety of pretentious-sounding terms for these motions depending on why the 
vertical motion is occurring. These vertical motions are important in the formation 
of clouds and rain, for example, and can be important for the long-range dispersal 
of pathogens and insect vectors (Case Studies 4.1 and 4.2).
The prevailing winds indicate the direction from which wind comes most fre-
quently. The dominant winds are the direction of the strongest, rather than the most 
frequent, winds, although they are often the same. The prevailing and dominant 
winds can be identified from a history of wind speeds and directions. In much of 
the tropics (Box 4.1), the prevailing winds are the Trade Winds, which are easterlies 
(i.e., blowing from east to west); in the mid-latitudes, westerly winds prevail. This 
contrast in wind direction between the tropics and the mid-latitudes is an effect of 
Earth’s rotation. Monsoons comprise a major wind system that seasonally reverse 
their direction. The most prominent monsoons occur in tropical regions in South 
Asia, Africa, Australia and the Pacific coast of Central America (Figure 4.4). The 
prevailing winds change direction in the different seasons because of contrasts in 
how the land and the sea heat up in summer and cool down in winter (§ 5.2.3). The 
change in wind direction is often associated with a transition from a wet to a dry 
season, or vice versa. As a result, monsoon areas are often identified by their rainfall 
seasonality rather than by the winds per se (as in Figure 4.4). In the mid-latitudes, 
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CASE STUDY 4.2 THE WIND IN THE WEST: HOW THE ON-
CHOCERCIASIS CONTROL PROGRAMME FOLLOWED THE 
INVASION OF BLACKFLY VECTORS FROM THE SAHEL TO 
SIERRA LEONE
Madeleine C. Thomson, IRI, Columbia University, New York, USA
Prior to the 1970s, onchocerciasis (known as river blindness) was largely ig-
nored by the international health community.  Its devastating effects were 
borne by rural populations of West Africa living near the fast-flowing rivers of 
the Sahel such as the Volta and Niger River. When the Onchocerciasis Control 
Programme (OCP) was started in 1974, with the support of the World Bank 
and other donors, some of West Africa’s richest river lands were uninhabited. 
In villages sited in river valleys near the breeding sites of the vector of oncho-
cerciasis, the blackfly (Simulium damnosum s.l.), it was not unusual to find 60% 
of the adults afflicted with this filarial disease and 3% to 5% blind. Communi-
ties were forced to abandon their villages en masse to avoid this devastating 
disease.
Today, more than 40 years after the programme was first launched, the 
disease has been controlled through one of the most successful public health 
campaigns in history.6 The OCP was initially based on vector control: routine 
spraying of identified vector breeding sites being the primary control method. 
In 1989 mass treatment of populations exposed to onchocerciasis with Mec-
tizan (ivermectin) began in the OCP region and became an important com-
ponent of the control strategy, both as a complement to larviciding in specific 
areas and as the sole intervention in most of the ‘extension’ areas of the OCP.7
Simulium damnosum s.l. species complex comprises many distinct sib-
ling species with varying capacities to transmit the filarial worm, Onchocerca 
 volvulus. Understanding the ecology of the vectors of onchocerciasis has been 
key to their successful control.8 The distribution of the different members of 
the S. damnosum s.l. species complex is generally related to phtyogeographic 
zones (e.g., forest and savannah) but seasonal changes in their distribution 
occur on an annual cycle with the monsoon/harmattan winds of West Africa, 
which bring the rains. The winds aid dispersal of these day-flying flies when 
they are swept up into the upper air, where they travel average distances 
of 15–20 km daily and may migrate over a total distance of 400–500 km.9 
 Unusual migrations of savannah species of S. damnosum s.l. (the species most 
commonly associated with the blinding form of the disease) into the forest 
zones of West Africa have been observed,10 leading to speculation on the pos-
sible role of deforestation and rainfall decline on the distribution of different 
species of the disease.11,12
The rains also result in enhanced river flow and the creation of the white- 
water rapids that are the favoured breeding sites of these vectors. From the 
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start of the OCP, scientists sought to understand the region’s weather systems 
in order to track the movement of the flies, and the organization invested in 
hydrological monitoring of the region’s river systems in order to identify where 
and when breeding might occur and the type of insecticide required to treat 
specific areas.13
While vector control successfully interrupted the transmission of the 
 Onchocerca parasite in many areas the introduction of the anti-filarial drug 
Mectizan (ivermectin) led to the rapid decline in morbidity associated with 
the disease.7
changes in wind direction can have a very important effect on the air temperature 
at weather timescales (as discussed in § 5.2.5.1).
Wind speeds are highly variable, and so a distinction is sometimes made between 
gusts and sustained winds. Sustained wind speeds are calculated over two-minute 
periods, while gusts are instantaneous speeds and are recorded only if they exceed 
the sustained winds by more than 10 knots (19 km.h-1). Knots are often used to 
measure wind speeds at sea (a knot is one nautical mile per hour, and a nautical 
mile is about 15% longer than a mile, i.e., about 1.85 km), but the standard unit of 
measurement is metres per second. Wind speeds are most easily interpreted when 
FIGURE 4.4   Locations of monsoon regions, as defined by areas that receive at  
least 70% of their annual rainfall during May–September (Southern  
Hemisphere [SH] winter / Northern Hemisphere [NH] summer) or  
November–March (SH summer / NH winter). The monsoons are  
labelled by the season in which the winds bring rain. (Data source:  
ECMWF Interim Reanalysis, for January 1981–March 201014)
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they are compared to a specially designed scale. The Beaufort scale is one such scale 
that relates different wind speeds to their visual effects over land or sea, and distin-
guishes between calm, breezes, gales and storm-force winds. There are similar scales 
for winds associated with tornadoes (the Fujita scale), hurricanes (Saffir-Simpson 
scale) and other storms (§ 4.2.8). Just as the technical names for tropical storms 
differ (‘hurricanes’ for the North Atlantic and Northeast Pacific Oceans, ‘cyclones’ 
for the Indian and South Pacific Oceans, and ‘typhoons’ for the Northwest Pacific) 
so do the scales. To add to the inconsistency, the period for measuring the sustained 
winds also varies. There are no equivalent scales for winter storms, which predom-
inantly affect the mid- and polar latitudes.
Strong winds have an obvious health concern because of the physical hazards 
they bring through flying and falling objects. The potential for winds to cause dam-
age increases four times for every doubling in the wind speed, but the risk is exacer-
bated when there is a combination of wind and rain or snow. Hence, strong tropical 
or winter storms can be particularly devastating (§ 4.2.8). However, wind can be 
a problem independently of these physical hazards: winds affect our perception of 
temperature and humidity because of their effect on exposure and on the evap-
oration rate (Box 4.2), and they transport and disperse dust, pollution, pathogens 
and insect vectors (Case Studies 4.1 and 4.2). This dispersal effect by the prevailing 
winds helps to explain land-use patterns in many cities: in mid-latitude cities, for 
example, the wealthier areas are often located on the western side, upstream of 
urban pollution sources.15
4.2.5 Solar radiation
As discussed above, air temperature is measured in the shade. Stand in the sun on 
a summer’s day and it can feel extremely hot, or stand in the sun on a calm, cold 
winter day, and it can feel pleasantly warm. However, the air is not actually warmer 
in the sun; it only feels hotter in the sun because the sun is heating you directly, just 
as it heats Earth’s surface. The most sophisticated heat indices take this exposure to 
the sun into account, but most indices ignore this effect and so apparent tempera-
ture values in the sun may be considerably higher than those reported or forecast 
for the shade (Box 4.2).
A simple measurement of the amount of sunshine is a count of the number 
of hours of direct sunlight. That is a rather simplistic measure for health purposes 
since it does not take into account the intensity of the sunlight. A more useful 
measurement is that of the strength of solar radiation at different wavelengths 
(e.g., ultraviolet, visible light, infrared); the exact units depend on how the wave-
lengths of interest are defined, but it is sufficient for our purposes to note that the 
brightness of a lightbulb (Watts) is measured in a similar way.
Of greatest concern is likely to be the amount of ultraviolet radiation reaching 
the surface because of its association with skin cancer and plant damage. Ultraviolet 
radiation also increases the formation of near-surface ozone, which causes respira-
tory problems and reduces the rate of photosynthesis (see Box 4.4 and § 4.2.6). 
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BOX 4.4 OZONE
One form of air pollution that often causes confusion is ozone. Most ozone 
is formed by the action of the sun’s ultraviolet radiation on oxygen mole-
cules above about 10 km. Ozone is created primarily at tropical latitudes, but 
large-scale wind patterns at these high altitudes move ozone toward the poles, 
where its concentration builds up. Ozone molecules high in the atmosphere 
are good for human health because they absorb harmful solar radiation. How-
ever, when ozone is found near Earth’s surface (where high levels occur in 
association with smog), it is harmful to animal, including human, respiration 
as well as plant growth. 
Since the 1970s, there has been concern about the ‘ozone hole’, which is a 
region of exceptionally depleted ozone over Antarctica.16 The hole was caused 
by the presence of chlorofluorocarbons (CFCs) and halons – gases formerly 
used in aerosol spray cans and refrigerants. The hole, which is better described 
as a thinning, occurs primarily during the Antarctic late-winter when changes 
in wind patterns prevent ozone from being blown into the region from other 
areas. These natural wind patterns in the winter are a rather complicated result 
of Earth’s rotation and the fact that Antarctica is very cold (§ 5.2.2.2). The hole 
is weak or absent over the Arctic because the Arctic is much warmer than the 
Antarctic.
Concerns about the effects of the ozone hole prompted a highly successful 
international agreement to curb gases that destroy ozone. This agreement, 
known as the Montreal Protocol, was signed in 1987, and resulted in the rapid 
phase-out of most of the relevant pollutants. After reaching its maximum size 
in 2006, the ozone layer is slowly being restored, but because the pollut-
ants can remain in the air for decades, full restoration will only be achieved 
mid-century at the earliest.
4.2.6 Air quality
Another problematic American Meteorological Society definition is that for air 
pollutants: ‘substances that do not occur naturally in the atmosphere’. It is not hard 
to think of substances (such as plates thrown in anger or children’s kites) that might 
only qualify as pollutants from rather odd (but possibly valid) perspectives. Most 
people would consider an air pollutant to be a harmful substance (which does not 
preclude thrown stones, but might preclude kites). Again, without going into the 
intricacies of reaching a technically exact definition, it seems reasonable to assume 
that an air pollutant will be a gas, a liquid droplet or a solid no bigger than a small 
particle (thus precluding thrown plates) so that the pollutant can potentially stay in 
the air for at least a while.
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The focus of the Society’s definition on unnatural substances is also unsuitable 
for our purposes. Volcanoes, a natural phenomenon, can be an important source of 
toxic gases and particles that pose a health hazard. In addition, many gases that occur 
naturally at low concentrations may only be considered a pollutant at higher con-
centrations – for example, the increased greenhouse gas concentrations resulting 
from human activity (see § 4.2.7.3 on air chemistry, and discussions on greenhouse 
gases in Chapters 5 and 9).
Air pollution is a major cause of death globally.17 It affects humans directly by 
causing a wide range of disease and allergies, and indirectly through infectious dis-
ease and nutrition by weakening people’s immune systems, by facilitating the trans-
mission of airborne diseases, by affecting the productivity of crops and livestock, 
and by toxifying water and food supplies. Pollution levels are well-correlated with 
other meteorological variables: levels can peak during some types of cold weather 
conditions and during heat waves, for example. Additionally, rainfall typically cleans 
the air of many pollutants.
4.2.7 Other important meteorological parameters
Meteorologists study additional parameters in order to understand the weather and 
climate more precisely, and to make forecasts. Some of these parameters are also 
important for human health and include: 
4.2.7.1 Air pressure
Air pressure (sometimes called barometric pressure) is a measure of the weight of 
the air above a given point. Air pressure is of interest to meteorologists because 
spatial differences in air pressure contribute to the formation of wind. Air pressure 
varies horizontally by only a few percent, but it decreases quickly with altitude: the 
amount of air decreases by about 11% for every kilometre in altitude (§ 5.2.1.1). 
Because of this sensitivity to altitude, surface pressure is adjusted to sea-level pres-
sure (these adjustments can become unrealistic from high-altitude locations). The 
rapid decrease of air pressure with altitude is why it is difficult to climb high moun-
tains, for example, and is one reason why airplane cabins have to be pressurized. 
At high altitudes, altitude sickness, caused by the lack of oxygen, can occur. For 
example, in La Paz, Bolivia, the world’s highest capital city (about 3650 m), there is 
about 40% less air, and therefore less oxygen per breath, than at sea level. The city 
was temporarily barred from hosting international soccer matches because of the 
difficulty visiting teams experienced in acclimatizing to the lack of oxygen. At more 
moderate altitudes, where humidity tends to be low, many people find the air more 
comfortable than they do at sea-level.
4.2.7.2 Geopotential heights
Air pressure aloft explains wind patterns higher up in the atmosphere. Rather than 
measuring air pressure at different altitudes, it is more useful (to meteorologists) to 
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measure at what height a particular air pressure is observed. This height is meas-
ured in geopotential metres, which are slightly different from standard metres 
because they take into account minor differences in the strength of gravity (which 
strengthens slightly towards the equator, for example). Because air contracts as it 
cools (which is why a sealed, half-filled plastic bottle of water crumples when it is 
left in the freezer), pressure decreases more rapidly with altitude if the air is cold 
than if it is warm. As a result, small differences in pressure at or near the surface 
can become enhanced or reversed higher up if there are differences in tempera-
ture. These effects are responsible for the formation of the important jet streams 
(see § 5.3.2).
4.2.7.3 Air chemistry
The chemical composition of air is important because different gases have different 
properties. Most gases, with the notable exception of ozone, do not absorb the 
sun’s radiation (shortwave radiation). Instead, they absorb the heat emitted from 
Earth (longwave radiation), which is why the atmosphere is heated from Earth’s 
surface rather than by the sun (§ 4.2.1). However, some gases are more effective at 
absorbing heat emitted from the surface than others are, thereby contributing dis-
parately to the temperature of the air (see the discussion on the greenhouse effect 
in Chapters 5 and 9).
4.2.7.4 Sea, land and ice
Because Earth’s surface is the primary source of heat for the air, meteorologists 
closely monitor sea and land-surface temperatures (see Chapters 5 and 7). High 
land temperatures can lead to heat waves: land temperatures increase the most when 
the soil is dry because less energy is required to heat up land than water. Hence, 
soil moisture is an important influence on air temperature. Sea-surface temper-
atures, however, are the most important surface variable, partly because 70% of 
Earth’s surface is sea, but also because the sea is the main source of atmospheric 
moisture that eventually falls as rain (as well as providing most of the energy for 
the atmosphere as discussed below). Sea-surface temperatures are measured by 
ships, specially deployed buoys and other instruments, and by satellites (see § 6.2.1). 
Measurements of sub-surface temperatures, ocean currents, salinity and sea-level 
height are required to understand how sea-surface temperatures change over time 
(Chapters 8 and 9).
Snow and sea-ice depth and extent are important parameters: snow and ice 
reflect much of the incoming sunlight, and as a result limit the warming experi-
enced over a snow- or ice-covered surface. Because the ice and snow are cold, the 
overlying air may also cool and more snow and ice may form, causing further cool-
ing. This cycle also works in the opposite direction: if snow melts, the uncovered 
surface can be heated from the sun, and it reflects less of the sunshine so there is 
stronger heating and further melting. The cycle is called the albedo effect – albedo 
is a measure of the proportion of sunlight that is reflected.
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4.2.8 Hurricanes, typhoons and other storms
Often we may be more concerned with a combination of weather conditions rather 
than with the individual components described in the previous sub-sections. Some 
of the biggest impacts are associated with storms, which are examples of extreme 
weather conditions involving strong winds and/or heavy rain or snow (§ 4.2.2), and 
possibly thunder and lightning. The combination of strong winds and heavy rainfall 
or snow can be highly hazardous, increasing the chances of crush injuries from 
trees falling and buildings being damaged, for example. There are many different 
types of storms, depending on their size, cause and what type of precipitation there 
is, if any.
The largest storms are cyclones, which are areas of low air pressure (§ 4.2.7.1) 
around which winds blow. Tornadoes are much smaller systems, and are described 
in § 4.2.8.3. The winds blow around a cyclone in the same direction as Earth is 
spinning (anticlockwise in the Northern Hemisphere, and clockwise in the South-
ern Hemisphere). Although we may not physically notice it, the low pressure is 
an important characteristic of a cyclone: low pressure causes winds to converge 
into the cyclone, bringing moisture from surrounding areas that can fall as rain. 
The water vapour that the winds bring to the storm also provides the main fuel to 
maintain the storm (as explained below).
For a cyclone to last more than a few minutes, the low pressure at the centre 
needs to be maintained, despite the winds bringing air into the cyclone to increase 
the air pressure. There are two important ways in which the central low pressure 
can persist or even strengthen:
1. Winds may be deflected as they approach the centre as an effect of Earth’s 
rotation (the Coriolis effect). When an area of low pressure forms close to the 
equator, the winds can blow directly into that area so that air pressure differ-
ences smooth out quickly. Beyond about 5° of latitude, Earth’s rotation deflects 
those winds and so a cyclone can persist and develop. Away from the equator, 
it is thus possible for cyclones to form.
2. Air near the centre of a low-pressure region may rise. Differences in the rea-
sons for the rising air are how scientists distinguish between tropical and extra-
tropical cyclones. 
4.2.8.1 Tropical cyclones
Tropical cyclones form between about 5° and 30° latitude (Figure 4.5). The strong-
est tropical cyclones in the North Atlantic are called hurricanes, and those in the 
Northwest Pacific are called typhoons. Elsewhere they are called tropical cyclones, 
but this name can be used generically for all regions.
The low pressure in tropical cyclones is caused in part by strong surface heating, 
which, in turn, causes the overlying air to expand and rise because of its buoyancy 
and latent heat release (§§ 4.2.1 and 4.2.3). If the air can keep rising, the air pressure 
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FIGURE 4. 5  Global distribution of tropical cyclone tracks, 1991–2010 (Data source: 
International Best Track Archive for Climate Stewardship (IBTrACS) 
version 3)
in the centre of the cyclone will stay low. Because tropical cyclones rely on warm 
humid air, they develop only over very warm ocean surfaces. More specifically, tropi-
cal cyclones that reach the strength of hurricanes and typhoons form only where the 
sea-surface is warmer than 26.5 °C. Even this threshold temperature is insufficient 
by itself: these high sea temperatures need to extend to at least about 50 m below the 
sea surface because otherwise the strong winds would cause waves that would mix 
the surface of the ocean with colder layers below, which would weaken the cyclone.
Because strong tropical cyclones require so much latent energy, they form only 
in the summer and autumn when the sea is warmest, and quickly dissipate when 
they move over land where their source of moisture is cut off. The importance of a 
warm ocean explains why the largest and strongest tropical cyclones are the western 
Pacific typhoons – the warmest oceans are in the western tropical Pacific (see Box 
5.1 on El Niño).
The damage caused by a tropical cyclone is closely related to its strength because 
the destructive force of winds increases four times for each doubling of the wind 
speed (§ 4.2.4), so that even small increases in wind speed can cause considerable 
extra damage. The location of the strongest winds in a tropical cyclone depends 
on the direction the cyclone is moving and where the cyclone is: if you face the 
direction the storm is heading the strongest winds are on the right side of the eye 
in the Northern Hemisphere (in the Southern Hemisphere they are on the left 
side). They are strongest here because the wind blowing around the cyclone is in 
the same direction as the movement of the storm and so the wind speed is the 
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speed of the wind circulating around the low pressure plus the speed of movement 
of the cyclone.
Just as wind speed increases with the strength of a tropical cyclone, so does the 
intensity of rainfall, but the speed of movement of the storm is often a more sig-
nificant determinant of damage than the rainfall intensity. If the storm is moving 
slowly, heavy rainfall will occur for a long time, and so the severest flooding occurs 
in slow-moving tropical cyclones rather than in those that are more intense and 
faster-moving. Of course, the severest flooding occurs when the tropical cyclone is 
both slow-moving and intense. Examples include: Hurricane Mitch in 1998, which 
caused devastating floods in Honduras, Guatemala and Nicaragua; Hurricane Har-
vey in 2017, which caused extensive flooding in Texas; Typhoon Koppu in 2015, 
which flooded the northern Philippines; and Cyclone Sidr in 2007, which resulted 
in one of Bangladesh’s worst natural disasters.
4.2.8.2 Extratropical cyclones
In tropical cyclones, the low pressure is maintained by rising air that is warm and 
moist; in extratropical cyclones, the rising air is caused by the jet streams many 
kilometres up. In effect, therefore, tropical cyclones are forced from the surface 
by strong heating, whereas extratropical cyclones are forced by strong winds high 
above Earth’s surface. The mechanisms involved are complicated, but extratropical 
cyclones form along the boundary between warm and cold air, which also contrib-
utes to the formation of the jet streams. This boundary between warm and cold air 
is called a ‘front’.
Like tropical cyclones, extratropical cyclones can bring heavy rain and strong 
winds, but the pattern of rain is different to that in a tropical cyclone. In a tropical 
cyclone, heavy rain occurs near the eye where the air is rising fastest; in an extra-
tropical cyclone heavy rainfall occurs where there is large-scale rising of air along 
the boundary of the warm and cold air (§ 5.2.5.1). Thus, extratropical cyclones are 
responsible for the ‘large-scale’ rainfall described in § 4.2.2.
Unlike tropical cyclones, extratropical cyclones can form and strengthen over 
land because they are dependent on strong contrasts in temperature across a fron-
tal zone rather than on a large source of water vapour (as in the case of tropical 
cyclones). The contrast between cold, dry winter air over continental interiors and 
warmer, moist air over the sea (§ 5.2.3) creates favourable conditions for the forma-
tion of extratropical cyclones, and so extratropical cyclones tend to be strongest in 
the late-winter months when the pole is at its coldest and temperature gradients are 
greatest (see §§ 5.2.2.2 and 5.3.4). The severe winter snowstorms that are common 
at this time of year in much of the mid-latitudes are perhaps the most hazardous 
examples of such extratropical cyclones. However, extratropical cyclones have a less 
marked dependency on season than tropical cyclones, and can occur at any time 
of year.
As winds circulate around the cyclone, the front warps, into something like 
the shape shown in Figure 4.6. The heaviest rain (or snow) usually occurs to the 
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FIGURE 4.6  Typical structure of a mature extratropical cyclone. The arrows indicate 
the near-surface wind direction, and the near-concentric circles represent 
lines of equal air pressure, with ‘L’ indicating lowest air pressure in the 
centre. The shading indicates areas of rainfall and the thick lines indicate 
the fronts (the bobbled line is the warm front, and the pointed line is the 
cold front). North is marked by the crossed arrow.
southwest of the cyclone in the Northern Hemisphere (or to the northwest in 
the Southern Hemisphere) where the cold winds blowing from the pole meet the 
warmer air on the equatorward side of the cyclone (Figure 4.6). This line of tran-
sition is known as a cold front, and there is often a noticeable drop in temperature 
once the front has passed. Substantial rain can also occur to the east where the 
warm air on the equatorward side moves north to meet the cold air. This line is 
known as a warm front, and it usually brings less heavy but more continuous rain. 
When the warm front passes, there is often a noticeable increase in temperature. As 
with tropical cyclones, flooding can occur, or large amounts of snow can fall, if the 
cyclone is slow-moving.
Extratropical cyclones are less symmetric than tropical cyclones not only in 
their intensity of rainfall, but also in their areas of strongest winds. In the North-
ern Hemisphere, the strongest winds are usually to the northwest (southwest in 
the Southern Hemisphere) of the centre. These winds are typically weaker than 
in tropical cyclones because there is less energy from latent heat. However, extra-
tropical cyclones are generally much larger because the fronts between the warm 
and cold air can extend for thousands of kilometres. The largest recorded tropical 
cyclone was Super Typhoon Tip in 1979, which was about 2220 km in diameter; 
for reference, most tropical cyclones are smaller than 1000 km in diameter. In con-
trast, 2000 km is an average size for an extratropical cyclone, and they can approach 
5000 km in diameter.
Smaller-scale cyclones that last only a few days sometimes occur in very high 
latitudes, and mainly in winter. These polar lows form because of land-sea tem-
perature differences (§ 5.2.3) whereas the extratropical cyclones described above 
82 Simon J. Mason
are formed by a temperature difference between more tropical and more polar 
latitudes. The less frequent summer polar lows are important for breaking up the 
thinning sea ice: year-to-year variability in sea-ice extent is affected by the number 
and strength of these polar lows. The winter polar lows can bring exceptionally cold 
air, most frequently into northern Eurasia, and occasionally into Japan and Can-
ada. In Mongolia, for example, where a high proportion of the populations have 
livelihoods that are almost entirely dependent on their animals, these events can be 
devastating, causing both economic losses and severe food security crises. Modern 
societies can also be severely disrupted by extreme cold events with air traffic delays, 
school closures and power outages. In many countries there are strong extreme 
cold weather–mortality associations. However, the importance of low temperatures 
in driving elevated seasonal winter mortality in countries where heating is largely 
available (e.g., USA and France) is unclear. 
4.2.8.3 Tornadoes
Tornadoes are similar to cyclones, in that they have a core of low pressure around 
which winds blow; but they occur on a much smaller scale (usually not more than 
2 km across and generally lasting less than ten minutes), and form within an existing 
thunderstorm. The vast majority of tornadoes occur in the USA, but they do also 
occur in many other parts of the globe where violent thunderstorms frequently form.
The most destructive winds are from tornadoes rather than tropical cyclones. 
However, comparisons are difficult because tornadoes are short-lived and can be 
fast-moving, so their maximum wind speed is recorded (a challenge in itself) instead 
of the sustained wind speed (§ 4.2.4), which is used to measure tropical cyclone 
strength. As examples, wind speeds in the strongest tornadoes have exceeded speeds 
of 480 km.h-1, whereas sustained wind speeds above 300 km.h-1 in tropical cyclones 
are exceptionally rare. Hurricane Irma, which devastated the Caribbean in Sep-
tember 2017, had the highest recorded sustained winds of any Atlantic hurricane 
(> 295 km.h-1 over 37 hours). Super Typhoon Tip (1979) did generate sustained 
winds of 305 km.h-1, but these were short-lived.
4.3 How can climate be summarized?
4.3.1 If weather is what we get, what should we expect?
Most people have a reasonable sense of what 30 °C (or 86 °F) feels like. However, 
while one person may consider 30 °C warm, another may consider it extremely 
hot, depending largely on where they each live and on the time of year. To interpret 
a given temperature we compare it to the temperatures to which we each are accli-
matized. Herein lies a difference between weather and climate. A weather forecast 
will tell you what the temperature may be tomorrow in °C, but if you want to 
know whether it is going to be unusually hot or cold, you have to refer to the cli-
mate. The climate provides a reference as to what kind of weather does occur here 
at this time of year, as distinct from what specific weather may occur tomorrow. 
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By comparing the weather forecast with this reference – the climatology – we can 
identify not only whether it is going to be unusually hot or cold, but also how unu-
sually hot or cold, or even whether record temperatures may be set. A climatology 
provides far more information than just the average weather conditions. 
A suitable climatology encompasses previous years’ observed weather conditions 
for a particular location and time of year (e.g., month, season). Since the weather 
in each year is unique, we can hopefully obtain a reasonable indication of typical 
weather conditions and the range of possibilities with data compiled over many 
years. Climates change and fluctuate, and so a climatological period needs to be 
selected that is sufficiently up-to-date so that the first few years in the period are 
a reasonable indication of the types of weather that still occur. However, the cli-
matological period needs to be long enough to avoid an unrepresentative sample. 
For most purposes, climatologists have settled on using a recent 30-year period as a 
suitable reference and this is the standard in most countries. In a few countries, there 
are insufficient data (see Case Study 6.1), and some compromises have to be made. 
For many engineering purposes and for risk mapping, or other analyses of extremes, 
a period longer than 30 years may be required, but there may be limitations imposed 
by data availability and quality, and by representativeness in the context of climate 
change. Similarly, because temperatures have been increasing in many parts of the 
world (see Chapter 9) even a recent 30-year period can include years that are unrep-
resentative of more current and likely near-future conditions. However, there are no 
revised international guidelines for defining an appropriate climatological period for 
temperature, and so a recent 30-year period remains the standard. 
Although there is general agreement on using 30 years for a climatology, there 
are some inconsistencies in which 30 years are chosen. If the most recent 30 
years were used, the climatology would change a little every year. Such changes 
can be confusing and may not be viable if there are delays in collecting all the 
data for the last year anyway. So climatologies are commonly updated every ten 
years. The current climatological period is 1981–2010, which will be updated 
to 1991–2020 in 2021. For monitoring of El Niño and La Niña (for which sea 
temperatures rather than air temperatures are used; see Box 5.1), the climatologi-
cal period is updated every five years, and so the current climatological period is 
1986–2015. In a few cases, including at some of the Regional Climate Outlook 
Forums (see § 8.3.2), the climatological period is updated only every 30 years. For 
these climatologies, the current period is 1961–1990, which should be updated 
to 1991–2020 in 2021 or soon after. Given strong positive temperature trends, 
current seasonal temperature forecasts almost always indicate warming compared 
to 1961–1990. This lack of discrimination limits the value of these forecasts to 
decision-makers.
4.3.2 Aggregating weather data
Measurements of the meteorological parameters discussed in § 4.2 are recorded 
either as instantaneous values (e.g., air pressure), accumulations over limited periods 
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(e.g., rainfall), averages (e.g., sustained winds or mean temperatures) or extremes 
(e.g., maximum and minimum temperatures) over 24-hour periods or less. So how 
can these measurements be represented over climatological periods or other longer 
periods?
For periods longer than a day, temperatures are usually averaged (although some 
temperature indices accumulate daily values; see Box 4.2). Rainfall is measured as 
an accumulation over 24 hours, and is often accumulated for longer periods rather 
than presented as an average daily accumulation. For example, the average rainfall 
for New York in July is about 100 mm per month, or a little more than 3 mm per 
day. Units of average millimetres per day may give the misleading impression that 
it rains about 3 mm every day in July, whereas typically fewer than half the days 
receive any rain at all so that it rains about an average of 8 mm per day in July when 
rain does occur. Rainfall can be accumulated for periods longer than a month, such 
as three-month seasons or even a year, but as soon as discontinuous periods, or 
periods longer than a year, are considered (e.g., 30 years’ worth of July totals) the 
accumulations are averaged. For example, the climatological June–August average 
rainfall is the average of the 30 individual 92 daily accumulations.
Climatological averages are used extensively, but are often misleading. For exam-
ple, about half the time it is warmer than the average temperature, and the other half 
it is colder, but similar conclusions can be quite inaccurate for rainfall or for wind 
speeds. The difference depends on the statistical distribution of the values in the 
climatological data. Monthly and seasonally averaged temperatures are normally- 
distributed for most places and seasons, while daily temperatures may be slightly 
skewed. The skewness can be positive or negative, and is not marked either way, 
but may be sufficient to be important in some statistical analyses in, for example, 
coastal areas. For rainfall, departures from normality can be extreme. Daily values 
nearly everywhere are well approximated by negative exponential or mixed nega-
tive exponential distributions (left part of Figure 4.7), and for most modelling work 
rainfall occurrence is represented separately from rainfall amount because of high 
frequencies of dry days. The distribution of monthly, seasonal and annual rainfall 
accumulations depends partly on location and time of year, but some degree of 
positive skewness is likely to be evident in most cases (right part of Figure 4.7). The 
skewness is strongest in dry locations and times of the year.
The prevailing and predominant winds (§ 4.2.4) are widely used to summarize 
directions. For climate analyses, atmospheric scientists divide (the horizontal part 
of) winds into two components: the north-south (‘meridional’) component and the 
east–west (‘zonal’) component. 
4.3.3 How hot is hot? When does dry mean drought?
Climatologists frequently use the word ‘anomaly’, which, it must immediately be 
noted, means something quite different when used by a health expert. To a clima-
tologist an ‘anomaly’ is not something abnormal or an indication of an error in 
the data; instead it is a difference from average. Temperatures are widely reported 
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FIGURE 4.7  Frequency distributions of daily (left) and monthly (right) rainfall accu-
mulations for Barbados for the wet season (August–November) 1981–
2010. The dotted vertical lines on the right diagram indicate the lower 
and upper terciles and the corresponding categories, and the solid curve 
indicates a gamma distribution fit to the data.
as anomalies. For example, 2016 was 0.94 °C hotter than the 20th century average 
(100-year, rather than 30-year, climatologies are often used in the context of global 
average temperature monitoring). Most people have some sense of what a given 
temperature anomaly might feel like (although probably little sense of what that 
same anomaly means when averaged over the whole globe or over a large area, or 
even over a long period of time).
Compared to temperature, rainfall anomalies are much harder to interpret, in 
part because most of us have a much weaker impression of what a typical amount of 
rainfall is compared to what a typical temperature is. Is 10 mm (about 0.4 inches) in 
one day a lot of rain? What about 200 mm (about 8 inches) in three months? Unless 
you come from a desert or are currently in the dry season, those questions may 
not be easy. One simple solution is to express rainfall as a percent of, rather than 
difference from, average. New York received 63 mm of rain and snow in February 
2017 (see Box 4.2); that was 6 mm more than average, which represents a little 
over 10% extra. There are on average about nine wet-days per month in February 
in New York, so the extra 10% represents approximately one extra day’s worth of 
rain / snow.
Even as a percent of average, it is not immediately obvious whether February 
2017 was unusually wet in New York. ‘An extra 10%’ may be a bit clearer than ‘an 
extra 6 mm’, but even percentages can be hard to interpret: in very dry climates, 
a little bit of extra rain can translate into a very large percentage. The problem is 
compounded by differences in variability of climate (§  5.3.5). For example, the 
most severe drought on record in New York was in 1965, when rainfall was 58% 
of average, and the most recent drought was in 2001, when there was 80% of aver-
age rainfall. In comparison, during the drought in East Africa in 2011, large areas 
received less than 25% of average rainfall, and still did not break their records.
To some extent, there is a similar problem with temperatures: in February 2017, 
New York was 3 °C hotter than average. In the tropics, where temperatures generally 
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do not change much from day-to-day, a month of 3 °C excess heat per day would 
be exceptional. Temperature anomalies cannot be converted to percentages of aver-
age (unless one wishes to work in the Kelvin scale) because of the arbitrary value 
for zero degrees, but regardless of whether anomalies or percentage departures are 
used, temperature and rainfall values are frequently difficult to interpret. Often we 
want to know how unusually mild the winter has been or how unusually severe 
the drought was, and so we need to compare the event of interest not just with 
the average conditions, but also with previous mild winters or with past droughts.
Perhaps the simplest way to assess how unusual a recent event has been is to 
compare it with previous record values. For example, globally, 2016 was the warm-
est year on record. The same was true of 2015 and 2014, so the global temperature 
record has been broken three years in a row. Records can be used in exactly the 
same way for rainfall and other variables. Records are generally calculated using all 
available data, although, for less extreme cases, comparisons may be made with the 
most recent years: for example, the 2016/2017 winter was ‘the driest in 20 years’ 
in much of the United Kingdom. Alternatively, if a record is not quite broken, the 
ranking can be indicated: for example, 2016 was the tenth warmest year on record 
in France.
The ranking example for France’s 2016 country-averaged temperature is similar 
to how climatologists define categories. Categories are usually defined using the 
climatological (30-year) data, and the most common practice is to define three cat-
egories (‘above-normal’, ‘normal’ and ‘below-normal’) so that there are equal num-
bers of years in each one (see Box 8.3). Typically, the range of the ‘normal’ category 
is narrow (see example in Figure 4.7, where the ‘normal’ category is bounded by 
the two vertical dotted lines), and so ‘above-normal’ and ‘below-normal’ may not 
be particularly extreme.
Standardized anomalies (the anomaly divided by the standard deviation) can be 
meaningful if the data are normally distributed, but for rainfall, such an assumption 
is often invalid, and results can become misleading. As a solution, rainfall data are 
sometimes transformed to an approximately normal distribution by using a gamma 
or Pearson Type-III distribution fit. The resultant Standardized Precipitation Index 
(SPI)i is widely used for drought monitoring. As a drought monitoring index the 
SPI is calculated using anywhere between the most recent 1 and 24 months’ rainfall 
accumulation. The SPI values are standard normal deviates, and so return periods 
(how frequently a drought of a given intensity is expected to occur) can be cal-
culated using standard normal distribution tables. Fixed SPI thresholds are widely 
used to indicate varying levels of drought severity, although the thresholds may vary 
from country to country (Table 4.1).
Unfortunately, the SPI is not always implemented appropriately for every appli-
cation. For regions without a strong seasonal cycle in rainfall, drought can be mon-
itored effectively by measuring the SPI on rainfall for the past few months (typically 
3 or 6), but this practice is often implemented indiscriminately, including in areas 
with strong seasonal cycles. In areas where most of the annual rainfall is received 
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TABLE 4.1 Standardized Precipitation Index (SPI) thresholds and corresponding return 
periods (in years) for droughts of varying severity, as defined by the World Meteorological 
Organization (WMO) and the United States Drought Monitor (USDM)
Drought severity WMO USDM
SPI value Return 
period
SPI value Return 
period
Mild / Abnormally Dry 0.0 to –1.0 1 in 2 –0.5 to –0.7 1 in 3
Moderate –1.0 to –1.5 1 in 10 –0.8 to –1.2 1 in 5
Severe –1.5 to –2.0 1 in 20 –1.3 to –1.5 1 in 10
Extreme < –2.0 1 in 50 –1.6 to –1.9 1 in 20
Exceptional < –2.0 1 in 50
during a wet season of a few months, measuring a three-month SPI over the dry 
season would not give a particularly informative indication of whether drought 
conditions are occurring – an abnormally dry dry-season may have only minor 
impacts.
This problem can be avoided by using 12- or 24-month SPIs, for example, 
although in regions with more than one rainy season or with no marked rainy sea-
son a 12-month index may be too long. Therefore, when measuring or forecasting 
drought, care must be taken to select an appropriate number of weeks or months to 
account for the local timing and duration of rainy seasons. The Weighted Anomaly 
Standardized Precipitation (WASP) Index18 is an attempt to simplify such questions; 
it weights each month’s rainfall anomaly based on how wet or dry that month 
is typically. A dry-season month will be given low weight, and if all the months 
selected are in the dry season the index will not give a strong value unless it was 
exceptionally dry. However, the WASP does not convert as easily to return periods 
as does the SPI. 
4.4 Conclusions
Some of the important principles for understanding climate are: 1) the air is heated 
primarily from the bottom by Earth’s surface, not from the top by the sun; 2) air 
cools as it rises; 3) warm air can hold a lot more moisture than cold air; and 4) 
water does not change temperature very easily. These principles help to explain 
how rain occurs, why there is often a notable change in temperature after rainfall 
in the extratropics, where tropical cyclones form, etc. These principles are referred 
to frequently in the subsequent chapters. In the following chapter they are used to 
help explain why climate varies in space and time.
Note
i www.wamis.org/agm/pubs/SPI/WMO_1090_EN.pdf.
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